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FORE WORD

This report was prepared by the Lockheed Missiles & Space Company,

IIuatsvillc Research & Engineering Center, to document the accomplishments

of the second five week study period (ending Z6 August) for the Preliminary

Design of a Lunar Gravity Simulator, Contract NAS8-20351. The study is

being conducted by the Systems Engineering Organization at HREG under the

direction of Mr. R. S. PauInock, Manager, and Mr. R. B. Wysor, Project

Engineer. Other contributors to this report and the study efforts during this

second reporting period are Dr. Wolfgang Trautwein and Messrs Bob L. Myers,

Z. V. Adams, G. P. Gill, E. L. Saenger, G. D. Robinson, W. E. Jones,

D. J. Wilson and G. E. Malone. This report was published by the Technical

Publications Organization at HREC under the supervision of Mrs. Carolyn

Harrell. The study program is sponsored by the Advanced Systems Office

of Marshall Space Flight Center under the technical direction of Mr. Herbert

Schaefer, Principle COR and Robert Belew, Alternate COR.

Technical data in this report will be delivered to NASA/MSFC technical

personnel at an informal presentation scheduled for lZ September 1966.
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FORE WORD

This report was prepared by the Lockheed Missiles & Space Company,

Iluatsvillc Research & Gnginccring Center, to document the accon_plishments

of the second five week study period (ending 26 August) for the Preliminary

Design of a Lunar Gravity Simulator, Contract NAS8-20351. The study is

being conducted by the Systems Engineering Organization at HREC under the

direction of Mr. R. S. Paulnock, Manager, and Mr. R. B. Wysor, Project

Engineer. Other contributors to this report and the study efforts during this

second reporting period are Dr. Wolfgang Trautwein and Messrs Bob L. Myers,

Z. V. Adams, G. P. Gill, E. L. Saenger, G. D. Robinson, W. E. Jones,

D. J. Wilson and G. E. Malone. This report was published by the Technical

Publications Organization at HREC under the supervision of Mrs. Carolyn

Harrell. The study program is sponsored by the Advanced Systems Office

of Marshall Space Flight Center under the technical direction of Mr. Herbert

Schaefer, Principle COR and Robert Belew, Alternate COR.

Technical data in this report will be delivered to NASA/MSFC technical

personnel at an informal presentation scheduled for 12 September 1966.
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Section 1

INTRODUCTION

The Lunar Gravity Simulator (LGS) is a system planned for the

L'.WLIUationof full scale LuJ_ar Surfac_' Vehicles (LSV) over simulated Lunar

terrain in an Earth's gravity environment. The purpose of such a system
will be to:

• Substantiate the LSV mobility system performance parameters
under simulated loading conditions as may occur from the I/6 g
environment and the anticipated obstacle, slope and velocity
combination.

o Establish the confidence level of the ability to design the mobility
systems for various LSV configurations.

o Determine the effect of the vehicle dynamic behavior on the vehicle
operator and the man-machine relationship in a I/6 g environment.

o Train astronauts in handling LSV's in a i/6 g environment.

With these objectives in mind, LMSC has been conducting a Prelimi-
nary Design Study of a Lunar Gravity Simulator System under contract to

the Marshall Space Flight Center. The concept under study is illustrated

in Figure i.i. This study effort will encompass a 15 week period which will

be subdivided into three five-week intervals. This report describes the tasks

and accomplishments of the second five-week period ending 26 August 1966,
and the tasks and approaches planned for subsequent study efforts.

Figure i.2 depicts the overall LGS study program plan (Task, Schedule

and Manloading). The first ten-week period is devoted to a study of the two-

dimensional LGS and the results of the first portion of this study were

described in the First Interim Report (Reference I). The completion of the
two-dimensional study is described in this document. Efforts during this

reporting period were devoted to the following tasks:
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Task

1.2

1.3

1.4

1.5

Study Efforts

Refine 2-D 1_ath model of Z-D LGS/LSV to

include wheel dynamic input, derive a math

model for the trolley drive system.

Continued analysis and selection of suspension

device and drive system concepts

Conduct dyl_amic analysi_ of Z-D LGS to deter-

mine LGS/LSV interaction and Lunar g error.

Conduct tradeoff study of rail height versus

pertinent LGS system parameters.

Conduct cost analysis of 2-D LGS system.

Continue design, layout and component

specification analysis of 2-D system.

The following sections discuss the accomplishments on these tasks

and *_" • "_,e work planned on subsequent tasks for the remaxnaer of the program.

1-2



>
,r-_

l

\

C
o

(D O

\

>

!

\

(D

>
,e-¢

_D

_ o<

ee_ _

LMSC/HREC A783245
R evis ion A

t_

0

c__. o

_4F_ s

2

0
N
m

!

1-3



i

<>

O'
,i

t !:

_z

:£,

!

.e,,_

1-'4



LMSC/HREC A783245

Section 2

ANALYSES AND SELECTION OF SUSPENSION DEVICE AND DRIVE

SYSTEM CONCEPTS

Z.I SUSPENSION FOR.CE CONTR.0L SYSTEM

During this reporting period, the electrohydraulic force control system

as described in the previous report (Figures 9 and i0 of Reference i) has been

further refined to reduce suspension force deviations from the nominal values

of 5/6 times the earth weight of the suspended parts. A new set of coefficients

was calculated that accounted for all changes in the system parameters made

after the first approach.

Precise control of the LSSM wheel cable forces was found to be the most

critical task. The uncompensated control system had a very poor damping of

7% of critical damping. Therefore, tandem-type compensating networks were

designed via the root-locus method in an effort to increase damping in all

force control loops to about 70% of critical damping.

The analysis was based on the configuration given in Figure 2. i (from

Figure i0 of i_eference I) and redrawn in lumped form in Figure 2.2. Vertical

Disturbance Z

REFEkENC_ :_kGN(S) 1

I Ampl. &

I Compensating

I Network

>

Suspension Force

Control System

Figure 2.2 - Derivation of the Open-Loop Transfer Function from the Block

Diagram

Z-I
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Revision A

di_placen_ents Z in this formulation are considered as external disturbances.

The open-loop transfer function is

f(s)=-G_(s)E_kLGN(s){'<s)+ %(s)z(s)]

wh_re

GI(S) -:

K
c

S4A 1 + AZ $3 + AzS Z + A4S + A 5

S
Oz(S) = "F--"(At s3+ AZ sz+ B3S + B4)

O

kL = k k I kT i_

and the optimum compensating filter

cd S 2 + 2aS + a 2 + b 2

GN(S) = Z Z (S + c)(S + d)
a + b

The coefficients

_ IPo lib_e_4]A_ _o<t V

P
o

AZ ='T 00
o v

Po(A 3 = -- I
T O

+< [;};j

.I
v

_ =_o_+_/_ _-_--_i_ _--j
k.

Z-3
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= _o + +
A4 T O

I_4 - T O + Z_r---_ [ ftZ J

A 5 = 14cI_ + k k I k : k 3 K R
o

are defined in l_eference i, pages Z4 and 25, where the parameters are:

I = the nnornent of inertia of motor and winch and cable

P = the nominal hydraulic pressure
o

T O = the nominal hydraulic motor torque

F = the nominal cable force
O

tO = valve natural frequency
v

_v_ = the valve damping constant

B = the viscous damping in the motor

= E Ac/L the cable spring constant, where }E is Young's n_odulus,c c

A is the cross sectional area of cable, and L is the cable length
c C

P_ = the effective winch radius

7- = the valve droop time constant

d = the volumetric displacement of motor per revolution

)7 = the volumetric efficiency of motor

k T = the force transducer constant

k I = valve constant

k Z = the valve static droop constant

k3 = Po/_'o + k k I kT,is the adjustable loop gain

The selected system components and their parameters ar_ iistc<i i_

Table 2.1 with the optin%um filter coefficients found for the four typical forcc

control systems. The loop gains and filter data are given for five diffur_nt

rail heights.

Z-4
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Each filter can be mechanized by a circuit with four operational ampli-

fiers and a module of passive I-<Ccomponents that can be mounted in racks

of the control console. While the same amplifiers may be used for all LSV's,

exchangeable RC modules of the plug-in type may be used to adapt the filter

data to the specific vehicle to be tested.

Rcsults of analog si_nulat[ons arc given in Section 4.2. The poorly damped

mode of the uncompensated system is completely eliminated by the compensation.

Z-5
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2.2 TROLLEY DRIVE SYSTEM WITH DISPLACEMENT SENSOR

Two basic methods have been proposed in the previous report to maintain

a constant relative position between the LSV and the trolley supporting the

suspension cables:

i. Detect horizontal displacement between a point on the

trolley and the c.g. of the LSV and compensate accordingly

(Displacement Sensing).

Detect variations of the cables from the vertical and drive

the trolley to compensate (Cable Angle Sensing).

During this reporting period, the dynamic equations for both control concepts

have been derived and analyzed. The analysis was based on the configuration

shown schematically in Figure 2.3.

A comparison of several drive motor types revealed that best performance

in terms of high torques and low inertias, together with minimum weight, is

obtained with a hydraulic drive. A rotary-type hydraulic motor may be directly

coupled to a drive wheel or capstan if a cable is used to ensure zero slippage.

The equations for the displacement sensing concept were derived under

the following simplifying assumptions.

Q

O

Changes of the cable forces (due to imperfections in the

constant force control systems) have negligible effects

on the trolley dynamics.

The transversal cable dynamics are dominated by the

first oscillatory mode.

After an initial disturbance such as a sudden acceleration

X(0) or velocity change A_[(0) of the LSV, both cables

suspending the main LSV chassis oscillate with identical

phase and amplitude.

The periodic components of the cables suspending the

wheels have negligible effect on the trolley dynamics.

This assumption is justified because of the small

Z-9
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a

amount of the wheel-cable force compared with the total

chassis cable forces (about I:Z0) and due to the fact that

in the general case, not all four or six wheel cables will

oscillate in phase. Hence, some of the periodic horizon-

tal force components will at least partially cancel.

The time-delay between a sudden horizontal displacement

X - _ at the lower end of the cable and the resulting change

in the upper mean cable angle _ (due to the finite transversal

wav_ prol)_g_Ltlon velocity) may bo repruscntcd by a first-

order lag term

1 1

a(s) = L T=S + l (X

Initial investigations of control systems for the drive system indicated

that displacement sensing only would not be adequate for the accuracy require-

ments. Rate sensing, or (X - _), was found necessary. This did not

present a particular problem in either of the sensing techniques considered.

The optical method required differentiating the voltage output. The angle

sensing potentiometer method would require the addition of a tachometer

for the rate signal.

The transfer functions resulting from these assumptions and corresponding

signal flow diagrams are shown in Figure 2.4 for the Displacement Sensing

Concept. The dynamic equations are listed in Section 4.3.

For a first approximate evaluation of the control loop performance,

-i)the valve spool natural frequency (&)v "_ 600 sec and the frequency of

-i)
the first transverse mode of the cable (&)T _ 70 sec were considered much

larger than the control frequencies to be expected. Neglecting these high

frequency modes, the following closed-loop transfer function is obtained

for the displacement sensing configuration:

EsS z + E4S+ E 3
(S) = .

x(s)
E0 $3 + lEl SZ- + EzS + E 3

(2.i)

Z-If



O

_0

,"4

o

O

o

O

4_

O

u_

>

(n

m<

O

°01
ii

_r
i

+

u_

I

v_

II

I

'I"%

II

I

I
I

in

"" 0 I

+ I
J

I

, .

U3

¢M

I
I

I

I

+

-4-

v

+
U?

r/l
o

,.-.4

r_

k)

>

2-12

LMSC/HR/_C A783245

_n

u_

%)

,--4

m

.el

A

°,_

m

U?

A

O

0

4_

k)

O

m

I

("4



LMSC/HI<EC A783245

Revision A

1
where

E 0 - T
0

_t 2 sec 2]

kz Po
E -

1 'F
0

I + q T_ + k T_
M +_ okl

,, , [ ]E z = k 1 (k0 + k T_) + q it2

E 3 = k k I +
k2P F R

o o [ft2 -I]T L sec
O

E4 : k l(k 0 +'ff Ta)

E 5 = k0k I T_

ft sec]

For a stability analysis, the complete transfer function with the high-frequency

modes included was derived. The characteristic equation is

A = G0 $6 + G1 $5 + GzS 4 + G3S 3 + G4 $2 + G5S + O 6 (z.z)

where

G O =

T a q

Z Z

_0T _0v

G
Zc_

= %a + --2-b

o_v 60T

Tc_

G 2 = --qZ2 c +---Z d + ab

°_v. coT

See Table 2.3 for definition of terms.

Z-13
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G3 = --_ + Z

tOv tOT

k kiT _
+ ab +bc

G 4 : k k 1 a + b + cd

G 5 = k k 1 c + d

= k _'_;:=
G 6 k I +

k2 Po R F °

LT
o

a "- I (2 _T T_
COT \

T_ I2_vv kz Pob = ---_- +
coT To

2 _T

c : TO_ +
_0T

;:_ ,:_ k2 Po /BM
+R

d = q + k 0 k I + To

2.2. i Selection of Components

Drive Motors - The power and speed requirements for the trolley in

the most severe cases (Vma x for MOLAB, 2g horizontal decelerations)

dictated the choice of hydraulic drive motors. Data for possible motor

candidates are given in Table 2.2. The optimization and analog simulation

were based on these motor and transmission data.

Z-14
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Table 2.Z

PRELIMINARY DRIVE MOTOR DATA FOR TROLLEY
DRIVE SYSTEM

Type of Motor:

No. of Motors Required for X-Drive:

Torque at 3000 psi:

Gear Ratio Motor to Drive Shaft:

Drive Wheel Radius:

Moment of Inertia (motors & gears):

Vickers MF-39Z4-30

Z

476 ib-ft (total)

2.78:1

R = 0.26 ft

0.129 slug ft 2

Servo Valves - Electro-Hydraulic Servo Valves of the Pressure-Flow

Control type were found to best meet the requirements.

According to manufacturer' s data (Moog Bulletin No. i03), typical

data for the natural valve frequency and the sensitivity to load pressure for

this type of valves are

- 1 _:_ -8 ft5

C0vtypica I = 630 sec kz typical = 8.2 x i0 ib-sec

As a wide variation in k Z is said to be possible, a value

k2 = _ k2 typical

was assumed for the control system synthesis.
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2.2.2 Transverse Cable Dynamics

Cable

L

The first transversal mode of

a cable with tension F and a distri-

buted mass of _i slugs/ft may be

described by the equation

4F
O

3_y_-_ + B@ +-L--_ = o

with a natural frequency

Figure Z.5 - Notation

The time constant accounting for the time-delay between a displacement

(X - _ ) of the lower attachment

//////

I Jj; l

x-_

Figure Z.6 - Transverse Wave at LSV
Attachment

Z-16
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In Table Z.3, all the fixed trolley drive system parameters are listed.

(Motor data are reduced to the drive wheel station.) It is assumed that the

LSV chassis is suspended by two cables.

?.Z.3 Optimal Gain Adjustment

The gain factors, k and ko, for the position and rate feedback were

selected in order to minimize the ITAE-performance criterion (integral of

time multiplied by absolute value of error)

00

i: /Lx rtdt Min
0

after a step-type displacement, X(0) - _(0), with the additional specification
Q

that the error X - _ during constant velocity inputs X be also a minimum.

The standard forms of optimum transfer functions as developed by Graham

and Lathrop (Reference 2 ) were used to determine optimum gains. For both

the LSSM and MOLAB as test articles, these gains were found to be

,_ _,_ -I
k k I = 1.35 ftZ sec

0kl = 0.0046 ftz

(2.3)

For the displacement sensing concept, these values are virtually independent

of rail height.
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Z.3 Ti-iOLLEY DRIVE SYSTEM WITH ANGLE SENSOR

Sensing the angular deviations of the suspension cables from the vertical

is the most straightforward and least expensive approach from the implemen-

tation point of view.

One potcntio,ueter in the ZD configuration or a pair of perpendicular

potcntion_eters in the 3D configuration would be sufficient to sense cable

misalignments as sketched in Figure 2.7. Tachometers mounted on the Pot-

shafts could provide the rate signals required. Angular resolution of the

pots can be considerably increased by lowering the pot mount by a distance

Z below the pulley.
P

For a meaningful dynamic analysis of a trolley drive system with such

a sensing device the cable motions close to the upper pulley have to be studied

car efully.

A more complete representation of the transverse cable dy-namics is

therefore made while the equations describing valve, motor and trolley dynam-

ics are the same as in the preceeding section.

2.3.1 Transverse Cable Dynamics

Two cases are considered:

o Upward Wave Propagation,- This occurs when there are LSV

accelerations X , 0. The angular cable motion can then bu
approximately described as in Section 2.2. The time-delay

due to the finite wave velocity C T is precisely accounted for
here by the equation

ax(S) =

e TcS

+ 1
T

CZ,4)
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Revision A

L , c0 1 1/_F
where T a - CT T = LV---P--- ' and C_x

angle due to LSV motion.

denotes the cable

The upper cable angle a is affected by another type of transient

dynal_ics, however, which can be neglected in the displacement
sensing concept but should be considered here.

Downward Wave Prol):l!_,alion - Transversal waves of this type

arc generated whenever the trolley is accelerated (_':_ 0). Their

effect on a can be expressed as

a = a x + Ot_

W ° • ° "here Gt# Is the contrlbutzon due to trolley motzons. For a

trolley _ccelerated at time t we obtain for the time inverval

t o <t<to +Ta o

(2.5)

CT (t-t)0

(z.6)

Assuming 3"TM constant during Tot seconds, Equation (2.6)
reduces to

Max. at ZCT Ta
(z.7)

During the time interval Equation (2.7) is valid, (_a can rise
.,. 0 O_
_o values between 0.12 for 50 ft rail height to 0.4 for 170

ft rail height.

In order to clarify the effects of the cable dynamics on the

overall trolley drive system response, a typical test case

shall be considered in subsequent intervals.

2-21
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LSV Step Disturbance X(0)

0 <t <T a :

During this first time interval ]Equation (2.4) applies. Due to the time

delay Ta, a is zero as shown in Figure Z.8a. At time T(_ (Figure 2.8b)there

i.-_ a :;uddcn [ccdback sil_nal due to d >0 and a > 0 which results in a trolley

acceleration 4"> 0 and a downward type transverse cable wave. The upper

cable angle at time T a is

a(T ) : a x : L

and after T a reduces according to Equations (2.5) and (2.6) to

a(T a +At):a x -la_l

The a and a feedback signals reduce the trolley acceleration between the

time T a and 2T a. After 2T a the cable motion may be approximated by a

decaying a-oscillation of the transverse mode. This indicates that the down-

ward type of transverse cable waves have a very unfavorable effect on the

servosystem as they help in exciting the transverse mode of cable oscillations

and further increase the effective time-delay in addition to the delay of Z a

caused by the upward type of wave.

For an approximate evaluation of the overall system, however, the

downward wave dynamics may be neglected. This results in the Signal-Flow

Chart of Figure 2.9.
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2.3.2 Connparison: Angle Sensing vs Displacement Sensing Concept

Comparing the flow charts of the two concepts (Figures Z.4 and Z.9)

reveals that virtually all feedback signals are delayed by at least T a seconds

in the angle sensing concept and contaminated by a certain amount of noise

due to transverse cable oscillations. The time delay can be as high as 0.18

seconds for 170 ft rail height.

Considering the additional deterioration of performance due to the down-

ward type cable waves discussed earlier the cable sensing concept was excluded

from a further dynamic analysis. The cost advantage over the displacement

sensing configuration was not considered large enough to justify the appreciable

deterioration in performance predicted.

2.3.3 Optical Displacement Sensor

Optical determination of the position of the trolley relative to the LSV

has been examined.- Electro-Mechanical Research, Inc. and P erkin Elmer

Corp. were consulted. The following is a summary of the investigation of

optical tracking for the two-dimensional LGS:

A multiplier phototube type star tracking instrument mounted on the

trolley will be used to track a hemispherical diffuse light source mounted

along the LSV pitch axis. The tracker and associated trolley drive system

will be designed to maintain the trolley mounted instrument directly above

(within Z/3 ° fore or aft from the vertical) the LSV n_ounted light source.

The instrument will have a field of view of approximately 4 ° to allow for:

a.

b.

C.

initial acquisition of LSV light source

larger than expected transient displacements

lateral displacement due to roll motion.
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The star tracker will be able to respond to a LSV frequency as great

as i0 hertz. It will provide measurements of rate of relative displacement

as well as relative displacement between the LSV and trolley. Automatic

gain control is required to provide a constant gain which is independent of

vertical separation between light source and light sensor.

Figure Z.IO illustrates a typical multiplier phototube which can be

e1_ployed as a tracking instrument. The cathode of the tube has been physically

cut into four quadrants to provide null information along two axes. For

two-dimensional simulation, a cathode which has been halfed instead of

quartered will provide sufficient tracking information along the one axis

of translational motion. The output of the tracking instrument will be of

the following form:

O

Trolley Displacement

Null

Position

This displacement voltage can be differentiated to provide rate of displace-

ment information.
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If the LSV is allowed to roll about its wheels, the LSV mounted light

source will be displaced laterally out of the star tracker field of view. There-
fore, the LSV must be restricted to roll only about its c.g. This can be accom-

plished by proper design of the two-dimensional terrain such that the lateral

LSV c.g. displacement is limited to the field of view of the tracker unit.
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Section 3

VAI_IATION OF STATIC ERRORS
WITH CABLE LENGTH AND LSV PITCH ANGLES

If th(_' points of attachment between tile LSV support cables and trolh;y

arc fixed and the distance between these points and the LSV is less than

approximately 30 to 50 feet, static longitudinal force errors become signifi-

cant when the LSV goes through pitch and roll modes. In this study both four

wheel and tractor-trailer LSV/trolley configurations are examined in order

to quantitatively determine force errors for different cable lengths and

various pitch angles.

3.1 NON-VERTICAL WHEEL SUPPORT CABLES FOR FOUR-WHEEL

VEHICLE

In order to minimize force errors due to pitch, the chassis of four-wheel

vehicles (example: Bendix MOLAB) should be supported by a single cable at the

vehicle e.g. or by two cables along the pitch axis equidistant from the e.g. (see

Figure 3.1). If relative trolley movement with respect to the LSV e.g. is

n%inimized, the chassis support cable(s) will remain vertical independently of

the LSV pitch angle. Therefore, zero static force error will be exerted on

the LSV through the main chassis support cable(s). However, errors will

arise due to the non-vertical wheel support cables.

if the main chassis support cable(s) are maintained vertical, fixed

trolley attachment points ensure non-vertical wheel support cables (see

Figure 3.1) as the LSV goes through pitch movements. Parametric curves

for several pitch angles comparing longitudinal error to cable length

(distance from trolley attachment point to LSV attachment point) are pro-

vided in Figure 3.Z. Vertical errors, (l.0-cos;7) x wheel weight/vehicle

3-i
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weight, are insignificant in comparison with the vehicle longitudinal

errors. Analysis of these curves indicates cable length should not be less

than 30 to 50 feet for acceptable error.

3.2 ROLL ANGLE VARIATIONS

l']rror present bee;rose of non-vertical chassis slLpport cables in the

roll mode (assuming Z cables used) is depicted in Figure 3.g. Since the two

support cables are attached aIong the pitch axis equidistant from the LSV e.g.

and trolley motion relative to the LSV c.g. is minimized, the horizontal static

force errors in the chassis support cables due to roll motion are of opposite

signs and the net error is negligible. A worst-case of 35 ° roll angle and 40

foot cable length was calculated to be approximateIy .001 g (Earth) net longi-

tudinal error. The wheel support cable longitudinal error in the roll mode

is even less significant since the nominal forces in these cables

are much less than in the main chassis support cables.

If the LSV rolls with its pivot point at the wheels instead of at its e.g.,

the angular displacement of the cables becomes large and the corresponding

lateral force error becomes intolerable in the two dimensional LGS. All

roll motions should therefore be made with the LSV pivoting about its e.g.

This can be accomplished by proper design of the terrain along the LSV path.

3.3 METHOD OF ANALYSIS - FOUR WHEEL VEHICLE WITH PITCH

ANGLE VARIATIONS

The vehicle static longitudinalerror due to the wheel suspension system, E 10

is found by summing the static cable force errors parallel to the terrain, F51

and F5Z , and dividing by the total LSV weight. The nomenclature for this

analysis is defined in Table 3.1.

2F51 + ZF52

El0 = total LSV weight

*The Bendix MOLAB, a four-wheel vehicle, was used in this example. If

a six-wheel vehicle were used, F33 would be present also.
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Table 3.1

FOUR WHEEL VEHICLE ANALYSIS

Nomenclature

L, ft (m)

O, dc g

RII, all, ft(m),deg

R12, C_12, ft(m), deg

_711, _712 deg

'FI2 ib (newton)FII_0

F21, F22 Ib (newton)

F31' F32 lb. (newton)

F41, F42 ib (newton)

F51, F52 Ib (newton)

El0 earth g's

$11, _12 deg

¢

length of cable from trolley to LSV

pitch angle

coordinates of wheels referenced to LSV c.g.*

wheel support cable angles referenced to the

vertical (pitch mode)

nominal tension in wheel support cables

static vertical error in cable tension

non_inal cable force directed parallel to the

terrain (i.e., in direction of O)

actual cable force directed parallel to the terrain

static error in cable force parallel to the terrain

net static error in cable force parallel to the terrain
divided by LSV weight

wheel support cable angles referenced to the

vertical (roll mode)

roll angle

-:c
Second subscript refers to front (i) or rear (2) of LSV
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The individual static errors in cable forces parallel to the terrain,

F51 and F5Z, are the differences between the nominal cable forces directed

parallel to the terrain, F31 and F3Z, and the actual cable forces directed

parallel to the terrain, F41 and F4Z.

F51 = F31 - F41, F5Z = F3Z - F42

wherc I;"3 i'

;711 and ;71Z'

F3Z , F41 and iZ4z are functions of LSV pitch,

and nominal cable tensions, Fl'l&)and F I2&).

_, cable angles

= F sin@
= s in@ , F3 Z 1Z_F31 i_i l&)

F41 = l_ll sin(@-)711), F4Z = FIZ sin(@-;712)
&) &)

FII and FI2 are simply the wheel masses multiplied by the fraction
(2.2

of the vehicles weight supported by the LGS, i.e.,

FII_ =

FI2_ =

front wheel mass x 5/6 g

rear wheel mass x 5/6 g

The cable angles, ;711 and ;712,

@, cable length L, and cable attachment point coordinates, RII, R

and _I Z'

I-cos_ll + cosC_ll cosO+ sin_ll sinO 1;711 = arctan L/R11 + sin_ll cos@ - cos_ll sin@

are geometric functions of LSV pitch,

12' _i I'

icos0LiZ - cosC_iZ cos@ + sin_12 sin@ 1
;71Z = arctan_ L/RI2 + sin_i2 cos@ + cos_12 sin@

3.4 NON-VERTICAL CHASSIS SUPPORT CABLES FOR TRACTOR-

TRAILER VEHICLE

Since the tractor and trailer chassis of vehicles such as the Boeing

MOLAB are supported by separate cables, it is impossible to pick a single

3-6
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relative position between the trolley and LSV which will maintain all chassis

support cables vertical through aliLSV pitch angles. On first try it was

assumed that the relative position between the trolley and tractor-trailer

pivot point would be fixed. The parallel errors were analyzed and found
to bc intolerable.

A trade-off study was made to detern_ine the best point on the LSV

to hold fixed relative to the trolley. This point was found to be located near

the composite e.g. of the LSV (Figure 3.3). If the movement of this point

relative to the trolley is minimized, the tractor and trailer support cable

errors due to LSV pitch subtract from each other such that the net error is

relatively small. Figure 3.4 depicts parametric curves with tractor-trailer

pivot neglected. Again the minimum cable length can be chosen for accept-

able longitudinal errors.

Further study is proposed for deeper analysis of tractor-trailer LSV/

trolley configurations. The errors due to wheel support cable angles,

although less significant than chassis support cable errors, should beanalyzed.

Roll errors should also be considered, and errors involved with pivoting

between trailer and tractor should be examined.

3.5 METHOD OF ANALYSIS - TRACTOR-TRAILER VEHICLE

WITH PITCH ANGLE VARIATIONS

Assume that two cables under equal tension support the tractor along

its pitch axis and two more equal tension cables support the trailer _:calong

its pitch axis. Under this assumption equations derived for the four-wheel

LSV wheel suspension system can be easily converted to determine the static

longitudinal error for the tractor-trailer chassis suspension system. The

second subscript now refers to the tractor (i) or the trailer (2) rather than

to front wheels (i) or rear wheels (2). The following additions and

;:'Actually only one cable is planned to support the trailer chassis but this

assumption will not effect the results of this analysis.

3-7



LMSC/H_EC ._783z_,_

/

Tr olle y

{
Force Diagram

T rac to r

Support
Cables

+@-(-n)

Fll
c

L

I

I
I

I
I
I
I
I
I

+712 2

Trailer

Support
Cables
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n_odifications are made to the original equations:

Vehicle static longitudinal errors, E21, EZ2, can be found individually

for the tractor or trailer chassis support.

EZI = (2 F51 +total LSVweight)

EZ2 = (Z F52 + total LSVweight)

The static compression or tension, F60, in the joint between the

tractor and trailer is found by:

o Taking the smaller of F51 and F52 if their signs are different.

Q Taking the difference of F51 and F5Z if their signs are the same.

F

Nominal tensions in chassis support cables, FII C

and FI2 where
iI_0 6o

= tractor mass x 5/6 g
FII C Z

FI2 C =
trailer2. mass x 5/6 g

and FI2 C, replace

Cable angles, U21 and )722' replace 1711 and )71Z where:

I -cos0LZl + cos_21 cose - sinC_21 sin0 I;721 = arctan L/I_zI - sin_21 cos@ - cos_zl sin@

I cosU22 - cos_22 cos0 - sin_z2 sin@ I
?722 = arctan L/I_22 - sin_g2 cos@ + cosGx2 sin0

The nomenclature for the above terms are defined in Table 3.Z and the

configuration is illustrated in Figure 3.3.
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Table 3.2

TIhACTOI%-TI%AILEI_ VEIL[CLE ANALYSIS

Nomenclature

@,F21, F22, F31, F32, F41,

F42, F51, F52, El0,

1%21' _21 ft(m), deg l

R2Z, C_22 ft (m), deg J
U21, U22 deg

F 1 Ib (newton)
FII C' 2 c

F60 ib (newton)

E21, E22 earth g's

same as for Bendix Configuration except:

second subscript refers to tractor (i) or

trailer (2) of LSV

coordinates of main tractor and trailer

cable supports with respect to mounting

point of optical reference

main support cable angles referenced
to the vertical

nominal tension in chassis support cables

static compression or tension between
tractor and trailer

static error in cable force parallel to

the terrain divided by LSV weight
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_5ection 4

DYNAMIC ANALYSIS OF TI-IiE 2-D LUNAR GIIAVITY SIMULATOI_

4.1 O_STACLIE SIMULATION

Wheel input disturbances occurring from the LSV transversing a simu-

lated lunar terrain produce the major dynamic problems for the i/6g simulation.

Thus, a realistic appraisal of these disturbances has been an important part

of the dynamic analysis of the Z-D LGS system. Previous recommendations

for obstacle simulations were described in the First Interim Report (Reference

I), and this simulation method was investigated further during this reporting

period. The two phases involved in this simulation are illustrated in Figure

4.1 (repeated from Reference i). These phases are:

Phase I (0< t < tl) - A force input from touching the obstacle

at t = 0 until the outer wheel springs or the time bottoms on the
inner wheel frame.

Phase 2 (t>tl)- Sinusoidal wheel hub displacement after bottoming
of tire.

From further study of this simulation it was found that this method

resulted in a complex input for the analog simulation and would have com-

promised the amount of data which could be developed in the time alloted.

Further, it was felt that this simulation represented a worst case situation

(sharp edge obstacle) and may not be representative of the normal obstacles

anticipated (round or oval shaped objects). Accordingly a more simplified

obstacle simulation was derived to be used in the analog simulation.

The simplified obstacle simulation considered a constant vertical

velocity input to the bottom of the tire at the ground line. Displacement of

the ground line point would proceed until a given obstacle height (H) is

4-i
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reached, or until the wheel breaks ground due to the forces produced in this
time interval. The time interval was determined from the vehicle forward

velocity (>[), the wheel radius, and the obstacle height. Thus, from Figure

4.1, the obstacle time interval may be

lq.cos0_ °

rob -

where:

_o = obstacle/wheel contact angle at t 0.

-i
= sin

rs t - H

R

Additionally, the simplified obstacle may be extended at a constant

height for a time interval Lob/X and then return to the original ground line

height at a rate corresponding to the rise rate (-H/rob). Typical groundline

displacement-time characteristics for the simplified obstacle simulation are

illustrated in Figure 4.g. The obstacle shown is for the LSSM at maximum

velocity (9.0 km/hr) and a 1.0 ft obstacle. Also, a comparison of resulting

wheel hub displacement and velocity characteristics is illustrated for the

LSSM. Note that the peak wheel hub velocity and displacement for the rolling

obstacle is slightly over twice that for the simplified obstacle. The simplified

obstacle was corsidered to more nearly approximate the average obstacle

condition and was used in the analog simulations described in the following

sections.

4-3



LMSC/HIIEC A783245

_4

G

cx_

H

G

v

<9

©
QJ

_D

O
_4

°,-4

O o

o

o

•_ ,i_"
o

o {o c,_

m0 .o

0 o ©

_ "_

.el

c_ m

I
I

I
I

l j/

//

/

/
/_

, , t \!

qnH IO_{}A

o

II II

U3 co _ ®

' _
_ o m

0 _ o ..a
z > > _ o

o

- i

\
\
k
k

I I I I I

• ° °

qnH IO_NA_ _u_Ipuno=O Io_qAi

4-4

o"

o

o

oO

J

o

.,--4

0

. ,..._

I

¢M



LMSC/HREC A783245
Revision A

4.2 SUSPENSION DEVICE FORCE CONTROL SYSTEM SIMULATION

4.2.1 Analog Sipnulation

The analog computer mathematical model for the LGS/LSV system

were two-dimensional planar models for the roll and pitch directions. Typical

;nodel diagrams are shown in Figure 4.3 and 4.4. Note the provisions for a

two-stage spring constant in each wheel and the viscous damped suspensions

take into consideration a free flight ballistic trajectory if the wheels leave

the ground. Also, note the sign conventions for the dimensions Z, _b and @.

From Figure 4.3 the differential equations representing the vertical

displacement time histories for each mass and the effects of roll and cable

dynamics can be derived giving results as follows.

D6 • K6 (KI + KII )

Z1 = M--_ (Z8 - Z1 ) +M-I (Z8 - ZI) - M1 (ZI " zOl) - gL

F
o18

+--
M

1

where

Constraint: IZ8

f18

- ZII < S

-S < (Z 1 - Z01) < 0 K 1 = > 0 KII = 0

(Z 1 - Z01 ) <-S 1 K 1 = >0 KII = _ 0

(Z 1 - ZO1 ) >0 K 1 = 0 Kll = 0

i
2

Fo!9

M z f19

Z02)" gL
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Figure 4.3' - Lunar Gravity Simulator Analog Simu!a£ion Diagram (Roll Configuration)
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Figure 4.4 - Lunar Gravity Simulator Analog Simulation

Diagram (Pitch Configuration)
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whe re

Constraint: 'IZ9 - Z21 <- S

-S 2< (Z2 - Z02)< 0

(z z- Z0z)<-s z

(Z 2 - Z02 ) > 0

K 2 = > 0 K22 = 0

K 2 => 0 1422 = > 0

K 2 = 0 K22 = 0

i
D 6 K 6

s = -M---_(_8- _l)- _--_5(z8

Fol 5 Fo17

+ iVi---5-f15 + M---5- f17

D 3 . K 3

- Zl) " _ (Z9 " Z2) - _5 (z9 - Zz) - gL

whe re :

Constraints: Iz9 - z21-<s
Iz8-Z l_<s

Y_ Y2
$'= _-_ (_8- _i)+ - " -z2)+ D3 (Z9- Z2)

"x

Fo15 Fo17 Y3

+ Ix f15 Ix f17

z8 = zs - Yl4'

z 9 = z 5 + yz@

_9 = _5 + Y2$
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Fol 8 = 5/6 M I gE

Fo19 = 5/6 M Z gm

Fol 5 = 5/12 M 5 gE

Fol 7 = 5/12 M 5 gE

f18

I<
18

Fo18 A AIS3 + AZSZ + B3S + B4 I '1$4 + A2S 3 + A3 $2 + A4S + A 5 Z1

f19

K
19

Fo19 AIS3 + AzS2 + B3S + B4 ] Z2

f15

I<15

Fo15
CIS3 + CzSZ + D3S + D4 1

15

f17

I<17

Fo17 IC S3 + CzSZ + D3S + D4 ] '1$4 + C2S 3 + C3S + C4S + C 5 ZI7

KI8

K19

K
15

KI7

E • ACI 9

LCI8

E • ACI 9

LCI9

E • ACI 5

LCI5

E • ACI 7

LCI5
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From Figure 4.4 the differential equation representing the vertical

displacement time histories for each mass and the effects of pitch and cable

dynamics can be derived giving results as follows:

D 3 K 3 (K 2 + K22)

i3 = M--_(_lO - _3)+M--33(zl° - z3) - M3 (Z3 - z°3) - gL

F
o13

+ M--_- f13

whe re :

Constraint: IZl0 - Z31_< S

S2< (Z 3 - Z03) <0 K 2 = > 0 KZ2

(Z 3 - Z03)<S z K 2 = > 0 K22

(Z 3 - Z03) >0 K 2 = 0 K22

=0

=>0

=0

• K 5 (K4 + K44)

- Z4) + _-4-4 (z7 - z4) - M4 (Z4 - Zo4) " gL

F
o14

+--
M 4

f14

where:

Constraint:

S4

IZ 7 - Z4J< S

< (Z 4 - Z04 )< 0 K 4 = >0 K44

(Z 4 - Z04 ) -<S 4 K 4 = > 0 K44

(Z 4 - Z04) >0 K 4 = 0 KZ2

=0

=>0

=0

i
6

" gL

D 5

M 6 (Z7

K 5 D 3 . K 3

- Z4)"_6-6 (Z7 - Z4) M6 (ZI0 - _3) -_6-6 (zl0

Fo16

+ M---6- f16 where: IZ 7 - Z41 _<S

Izl0- z31<_s

z 3)
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XI[De' : i-- 3 (E1o
Y

- E3)+ K3 (zlo X2- Z 3) - T
y + K 5 (z7 - z4]

Z 7 = Z6+X2@

z7 = z 6 + x z

Zl0= Z 6 + X 1 8

Zlo= z 6 + x I

Fol 3 = 5/6 M 3 gE

Fol 4 = 5/6 M 4 gE

Fol 6 = 5/6 M 6 gE

f13

f14

KI3

Fo13

K14

Fo14

A AIS3 + A2S2 + B3S + B4

AIS3 +A2 $2 + B3S + B 4 ]
#4J

f16

KI6

Fo16 CIS3 + C2S2 + D3S + D4 1
6
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KI3

K
14

E • ACI 3

LCI3

E .A
C14

LCI4

E • ACI 4

KI6 =
LCI4

The previous equations for the LGS/LSV mathematical model have

been programmed on the Lockheed/Hl_EC analog computers, l_educed data

are discussed in the following paragraphs of this report.

4.2.2 Force Control System Analog Simulation Results

Evaluation of the wheel and chassis force control system for the 2-D

LGS was accomplished by perturbing simulated LSSM and MOLAB LSV's

with a range of obstacle heights at the maximum horizontal velocity for the

respective vehicle. Also, the force control system was evaluated with the

LSSM vehicle for suspension cable length ranging from 30 ft to 170 ft and a

1.0 ft obstacle height. The majority of the data for the LSSM and MOLAB

vehicles was obtained with a constant cable length of 50 ft and obstacle heights

ranging from 0.5 ft to 1.5 ft for the LSSM. MOLAB obstacle heights ranged

from 1.0 ft to 3.0 ft. Vehicle velocities were 8.2 ft/sec (9.0 km/hr) for the

LSSM and 18.25 ft/sec (20 krn/hr) for the MOLAB. Both roll and pitch con-

figurations were considered for both vehicles. In all cases in the analog

simulations the Bendix vehicle configurations were used for both LSSM an_

MOLAB vehicles.

o Typical Data

Typical analog output data is shown in Figures 4.5 through 4.20. LSSM

roll and pitch data is presented in Figures 4.5 through 4.12. MOLAB roll and

pitch data is presented in Figures 4.13 through 4.20. Maximum vehicle vehicle

4 -12
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velocities, an obstacle height of 1.0 ft, and a cable length of 50 ft was used
in all cases shown.

o Lunar Gravity Error vs Obstacle Height

Maximum lunar gravity error for a given obstacle height was computed

fl'()_ll [.ll(: ;LII&lo,R (I;L[XL l)y nac;tsuring Lh(: l)eali I)cr(:cnLagc force error and

applying a factor of 5.0*. Maximum lunar g error versus obstacle height

for the LSSM and MOLAB vehicles is shown in Figures 4.21 through 4.24

for both roll and pitch configurations. The following paragraphs discuss

these cases.

Lunar gravity errors are shown in Figures 4.21 and 4.22 for the roll

case. Figure 4.21 is for the LSSMvehicle moving 8.2 ft/sec, 50 ft length

cables and the obstacle on the left wheel. Note that the lunar gravity error

of the left chassis ranges from +11.5% to -19%0 and for the left wheel from

+9% to -19.5% where the lunar gravity error for the right wheel (+1.5 to -2.0)

and right chassis (+3.0 to -5.0) are considerably less. Figure 4.22 gives the

lunar gravity error of the MOLAB vehicle with a velocity of 18.25 ft/sec and

a 50 ft cable length. The lunar gravity error ranges from +8% to -50%.

The additional mass of the MOLAB results in the large negative errors. The

small plus error is understandable since the cables tend to buckle under

compression forces.

The lunar gravity error for the pitch case is shown in Figures 4.23 and

4.24. The LSSM vehicle with a velocity of 8.2 ft/sec and a cable length of

50 ft gives errors of +10%0 to -23%0 which is in the same order of magnitude

as the roll condition. The MOLAB vehicle with a velocity of 18.25 ft/sec and

a cable length of 50 ft gives errors of +40% to -77%. Note that there is an

additional +13% error and an additional -27% error on the rear wheels due

to adverse conditions at the time the rear wheels hits the obstacle.

*The force control system is controlling a force of 5/6 earth g while lunar
gravity is only 1/6 g. Thus, percentage gravity error is 5 xthe force error.
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o Peak Wheel Accelerations

Peak wheel accelerations versus obstacle height relations are shown

in Figure 4.25 for the LSSM and MOLAB vehicles. Peak values for both

roll and pitch configurations are shown. All values shown disregarded points

in which discontinuities appeared from wheel bottoming. Note that the peak

wh_cl acceleration is linear with obstacle height for all conditions shown.

Also, the acceleration levels for the MOLAB are almost twice the LSSM

values. This is probably due to the higher MOLAB velocity. Wheel accelera-

tions for the roll configurations and the front wheel in the pitch configuration

were found to be coincident. A plus acceleration in this figure tends to

accelerate the wheel hub away from the ground plane.

The rear wheel accelerations for the MOLAB pitch case indicated

considerably increased plus values and decreased negative values. This is

caused by the pitch dynamics resulting from the front wheel perturbation.

Peak decelerations for the maximum obstacle heights considered for each

Vehicle Obstacle Peak Acceleration

ht, ft ft/se c 2 Earth g's

+247 +7.66
MOLAB 3.0

-272 -8.45

vehicle are

+ 68 +2.11
LSSM i.5

- 75 -2.33

Figures 4.26 and 4.27 show the LSSM at 8.2 ft/sec with an obstacle

1.0 ft high on the lunar surface and then in the LGS. The force error is

shown along with the displacement difference. There is a phase shift due

to the LGS cable dynamics. When force error is quite large there is a

large displacement error about 0.6 seconds later. These variations return

to zero after sufficient time has lapsed.
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© Cable Length Effects

Figure 4.28 shows the lunar gravity error as a function of cable length

for the LSSM vehicle at 8.2 ft/sec over a 1.0 foot obstacle. In general the

error increases with cable length. The gravity error is most sensitive for

the wheels than the chassis due to their faster vertical movements. This is

illustrated in Figure 4.ZS. The importance of minimizing cable length is

depicted by this graph. It is anticipated that the MOLAB type vehicle with

higher velocity capability (Z0 km/hr) would result in higher gravity error

with cable length variation than the LSSM. More simulation analysis in this

area is recommended. The peak error for the rear wheel was less than that

shown for the front wheel.

The maximum cable length recommended is that required to satisfy the

static error conditions discussed in Section 3 (30 ft ._._ini_.um) plus the length

required for maximum change in lunar terrain elevation change (23 ft). Thus,

a maximum cable length of 53 ft is recommended.

o Limit Design Condition

A review of the analog results presented indicates severe dynamic

conditions for obstacle heights above one foot. Even the conditions for a

one foot obstacle appear considerably more severe than the normal driver

riding comfort limits. The peak values are compared below:

Riding Comfort
Limits

Analog Results

(I.0 ft obstacle)
LSSM MOLAB

Vertical Accel.

at Vehicle cg (g's) +0,37

Pitch Accel. (rad/sec 2) +2.26

Roll Accel. (rad/sec 2) +3.Z5

+0.34 +.75

-0.25 -.30

+5.5 +6.O

+5.O +2.2

From this comparison it is recommended that the dynamic data for a one

foot obstacle be representative values for LOS design purposes.
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,1.3 TROLLEY DI<IVE SYSTEM

4.5. i Analog Sin]ulation

The trolley drive system, described in Section Z.Z, was simulated on

t]_e analof( computer for an evaluation of the dynamic response due to severe

Can satisfactory response be obtained with the control
system of Section 2.Z without further compensation.

How does the cable length affect the dynamic errors
caused by the trolley drive system for both LSSM and
MOLAB types of test articles.

The dynamic equations used for the simulation and for the Flow Chart of

Section Z arc given below:

M_ + 13_ - FoU = 0 (trolley)

iBM T
I _ + _ + RF D _ __o p = 0 (motor)_ -K- p

0

o_ _ Zo%_ + _ _ _-kIi h P (valvel
* 60

v 60
v

i =k(x-_)+ (optical sensor)

,i!s)i x(s) -
a(s) = -

L ($2 Z_T )(TtzS + 1,, "-T + _s + I
\o_T C°T

(Transverse Cable

Dynamic s )
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Table 4. I

T T ,,_0 ......Y DRIVE SYST '_M PARAMETERS AS USED EOII THE SIMULATION

I

! Cc_'l'Fici_nt._ h)z: MOLA]3 LSSM
t

B

]_,
()

I

B M

R

To/P o

q = d/Zrrr/a

v

optical l

ensor/

TC_: L=30'
50'

90'

130'

170'

'mT

_T (estimated)

68.4 slugs

0

5,6(,0 ]b:_

0.5 slug ftZ

0

0.26 ft

0.003 ft3

0.0061 ft2

6Z8 sec -I

1.35

0.0046

0.Z07 x 10-7ft5/Ib

0.031 sec

0.052 sec

0.094 sec

0.135 sec

0.177 sec

67.0 sec- 1

0.I

sec

68.4 slugs

0

IZ30 ]l,s

0.5 slug ft

0

0.26 ft

O.003 ft3

O. 0061 ft 2

-1
628 sec

1.35

0.0046

0.Z 07 x 10 - 7ft 5/Ib

0.028 sec

0.047 sec

0.085 sec

0.122 sec

0.160 sec

-I
73.0 sec

0. i

scc
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\V]IO l'C

= trolley mass

F = nonlinal total cable tension
O

I : _notor [Lnd winch n_oln_nt of inertia

F D : trolley driving force

d

q _ ZT_rIi<. : ,'<:l:ttivc inotor disl)]_Lc_:rn_:,{t

The other parameters are defined in Section Z.

The numerical values for all system parameters are listed in Table 4.1.

Disturbance Lnput s

In order to si_Ym!ate worst cases as outlined in the contract specifications,

the following types of disturbances were selected for all runs. (See Table 4.Z.)

Table 4. Z

ACCELERATION DISTURBANCES AS USED DUYilNG DYNAM[C

TROLLEY DRIVE S YSTEM SIMULATIONS

Type of LSV I Initial State

LSSM li : _ : V = S.Z ft
1 max

MOLAB !i =

i ""
_ X =

l

: 18.25 ft
= Wmax sec

Disturbance

= -Z g

-l.4g

-0.8g

-0.1g

= -Z g

- 1.414

-0.8g

-0.1g

Final State

- 4 ft:% = = Vmax se---6

: 4.z f_i_
see

i= =v 4 f__t
m_x s oc

ft
= 14--

see

i<axinzum velocity as initial state was considered the most severe case

j1 •bec_u_e _nls implied that the trolley had to be decelerated from the state

of maximum -kinetic energy.
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The duration of the decelerating disturbance was varied such that a

constant velocity reduction of 4 ft/sec was obtained. This was considered a

realistic procedure because it resulted in very short pulses for the high-g

casus and longer pulses for low decelerations as may be expected from

typical obstacle and terrain geometry.

J)url,t!_ tile :_J_,luh_gic,ILs,thu _':tl_l_-LuagL}_ was va:,'iud from 30 ft to 170 ft

for each type of vehicle and disturbance.

Two typical simulations at maximum deceleration are recorded in

Figure 4.Z9 for the LSSM and in Figure 4.30 for the MOLAB.

Errors at Constant Velocity- There is a steady-state horizontal dis-

placement (X - _)ss and cable misalignment C_ss due to the constant velocity

J.

e_._ For _%'_ _ ^.._lV prior to the _"....._ ......- - _u_e in case. _ 50 _ _u±_
max

(7 Ilen=tn, the maximum steady-state displacements and misalignments were

found to be

LSSM: Max (X - _)ss = 0.04 ft = 0.48 in.

Max C_ss = 0.0008 rad = 0.040 deg

MOLAB: Max (X - _)ss = 0.085 ft = 1.0Z in.

Max (_ = 0.0017 rad = 0. i deg
SS

k4ore meaningful data are obtained by expressing these errors in terms of

erroneous horizontal forces acting on the LSV.

.As can be read from Figure 4.31 the horizontal force and corresponding

acceleration error is

AF H .._--_-Fo _

AFH -5/6 m _(_ 5

m m _-c_g

(4.1)
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_ Trolley

4
Cable . _:

x  Y-,TF
,. o -->-

LbV

AF H

Figure 4.31 - Trolley/LSV Force Diagram

Using Equation (4.1), the maximum steady-state acceleration errors for the

two cases of Figures 4.29 and 4.30 are

LSSM: Max AN = -0.0007g
SS

MOLAB: Max AN = -0.0017g
SS

The corresponding values for the full range of cable lengths investigated

are plotted in Figures 4.3Z and 4.33 as maxim_am steady-state errors.

These values seem well within the admissible range.

A 5 Hz oscillation is observed due to the disturbing deceleration. The

assumed hydraulic system pressure of 3000 psi is slightly exceeded during

the first peak. it is possible _o increase system pressure up to 4500 p._i

_.sil_g the za1_e hardware as described in Section Z. A _light i_crc_se to

3500 msi would be sufficient, however, to prevent pressure saturation in

--_ worst case Less overshoot and better damping can be obtained in the

fi_:al d_sign by adding a coml)cnsating filter.
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].;:]':_-:r<:_'ror:_:trc uncount_i'cd durin%, tr:i_nsicnts c_usc([ by dcc(;](-r_:_tions

i,'i:Lur_;.'.3"- ..]o= the hSS_i and in Eigu:'e -_.a_"3 for the i%40_Y-<B.'_ ._:s the

:_<:_':<:!,:;':_tio,;<:.,'_'o_"J:;p.'oy)o_:tion:d,to the c::blo nnish]i/,:nnncnt 0£, n]orc f:_vor:_blo

di_!_ccn_cn_ sensing concept applied where there are virtually no adverse

C2:CC_S 0.[ "" _" -"" ' ±_g_ cabl_ lengths on the sensor performance. It is felt that with

the ......_c sensin_ concept, it would be difficult, if not in%_3ossible, to obtain

as -_ight & con=tel as is predicted for the displace_nent sensing or optical

S CF.S : ..... ' _D._]:='IOC/.
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S_ction 5

z-i) LGS DESIGN AND COMPONENT SPECIFICATIONS

.]. ! !LC:£; c'/STZ?v: ]%]ESC]IlRTION - Z-D CONFIC.UPv,<TION

21gure 5.! illustrates the basic design concept for the two-dinnensional

LGS systcn: configuration. This system would consist of the following sub-

aaa_n._,es: the lunar surface vehicle chassis anu wheel interfaces, suspension

cables and winches, vehicle suspension platforn_. (nnain vehicle and trailer), the

suspension piatfornn support trolley and drive rnechanism, the overhead rail

support structure, and the suspension system control and checkout console.

5.1.i Vehicle Chassis and _'heei interface

The vehicle chassis support frame would be constructed of a simple

.._...w_. . tubular truss frame, with the lower end attached to hard points

on _hc chassis prinqary szructure. The upper end would terminate with an

on_i-ba!! joinL located on _ne vehicle pitch axls and permitting complete

suspension cable freedo:._n through a 35 ° cone (static condition). The sanne

type of struc_are would be located at the CO of the vehicle trailer (Boeing

C _. C-" r .... _ .o....S_..ation only) Thc force sensing of the vehicle would be accomolished

_'_f_:)la-_'_';_---oa load cell between the omni-ball joint and the suspension cable.

The vehicle wheel in_erface would consist of a support frame assembly that

would a_tach to the outer face of the vehicle wheel hub. The assembly is

co_=posed of u n_ounting flange that would act as thu interface for a ])caring

±ocutcC in a housing, connec_cc "co a tubular fran%e yoke. The yoke cuds

would support bali end joints that would be located at the wheel suspension

'_ • C_;. Two cables would attach to the joints andsystei%_ coil axls <_:rou_:jh "_'

be connected "_ogether above the CO. This arrangen_ent would also allow

for a 35 ° cone of cable frecdom. The force sensing would be provided by

:nszrurnc::=_ng the yox_ with strain oe'acreso, thereby n%easuring frame deflection.
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5.!.Z Suspension Cable and _Zinch Subassei_bly

Thu i/6 g condition of the LSVwill be n_aintained by supporting 5/6 of

t!_,,: wcil4ht of the vehicle chassis and wheels by the use of constant force

:_u:_i_cn:;ion cables, aLtached to the inturface and that are reeved by hydraulic

i)owcrcd, serve actuated drui_ winches, mounted on the suspension platform.

'!'i_,:l_:,,_,_hof the cablc:_ will be about 60 feet. The cables will have an electrical

cov_duct_,r co_'c for _igi_al tr_ns_nission.

5.1.3 Vehicle Suspension Platform

The vehicle suspension platform consists of a main vehicle support

structure and a trailer support structure that are mounted on the bottom of

_nc n%ain structure. The trailer structure is mounted to a bearing on the main

structure. The bearing will be locked out for the Z-D nnode, but used to pivot

the trailer in the 3-D configuration. The support structures are composed of

lightweight welded aluminum channels and I-beams. The outer sections of the

i_nain platforn% and the trailer support will have an aluminum Honeycomb panel

covering on the bottom, with winch and cable pulley mounting holes on a grid

pattern, with three-inch centers. This will facilitate almost any mounting

location. A suspension platform weight summary is shown in Table 5.1.

5.i.4 Support Trolley and Drive _k4echanism

The suspension platform will be attached to a rail support structure by

four trolley asser_.bles, one at each corner of the main load carrying structure.

lae _atfori_nwill be driven fore and aft by two serve actuated, hydraulic motor

driven capstans. A cable will run the full length of each of the rail support

s'_ructures, and will be looped around each capstan. Each end of the cables

will be anchored with an adjustable tensioning element.
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Table 5.1

VEHICLE SUSPF.NSION PLATFOI_M

WEIGHT SUMIvIARY

(Jom]_onent
V(:]_i _:] _: ]?l:, [ i'()r)_-_

Structure

Honeycomb panels

Wheel winches and pulleys (4 sets)

Chassis winches and pulleys (3 sets)

Trolley assen_bly (4 sets)

Captan and motor (Z sets)

Hydraulic power supply and
electric drive motor

Sub =Total

Trailer Platform

Structure

Wheel winches and pulleys (Z sets)

Hone_,c omb panels

Total

Weight, lb

9Z1

ZZZ

128

285

ZZO

1ZO

5ZO

2416

138

64

54

Z64Z
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5.1.5 Rail Support Structure

The rail support structure will consist of two steel I-beams, approximately

Z50 feet in length. The rail may house linear commutators that will contact
electrical wipers on the suspension platform, to transmit force control

sensing, servo amplifier, and other types of signals between the force
s,_nsors at the vehicle and the control/checkout console and servo valves

oJ_the cable winches. This syste:n appears sound, but further study shouhl

be undertaken to assure good signal transmission. The rail support structure

will need overhead support at about 2-5 feet intervals and be capable of support-

ing a 12,000 Ib rolling load and the load from the crane rail (two rails at 80

ib/ft).

5.1.6 Suspension System Control and Checkout Console

The suspension system control and checkout console will consist of a

modified component rack cabinet with the representative vehicle schematic

on an inclined panel. Each wheel and chassis attachment point will be shown

with a digital voltmeter and adjusting potentiometer located adjacent. A check-

out panel would also be included with a functional array of illuminated push

button switches, that would check a system and readout to a common digital

voltmeter. The console may be used to calibrate the system by the following

procedure:

Q

Adjust wheel suspension control potentiometers until the

proper weight is reached (the wheel suspension weight would

have already been established).

Adjust vehicle chassis control potentiometer until the vehicle

is lifted off the ground. (Align CO if vehicle does not rise in

a level fashion.)

Calculate 5/6 of vehicle chassis and wheel suspension system

weight and adjust potentiorneters to read this weight.
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The console would contain up to 40 servo amplifiers for the force

control system and trolley drive system. Additionally, appropriate power

supplies will be required for the servo amplifiers and other electrical ele-

1_ents. In all probability, temperature conditioning of the console will be

required for the critical electronic elements.
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5.g STRUCTURAL ANALYSIS OF THE LGS SUSPENSION PLATFORM

A structural analysis of the main platform was performed by the

Structural Analysis group using the Lockheed FP_ME computer program.

The platform structure was designed using aluminum beam and channel

sections. All members are welded at the joints, resulting in an indeter-

minate st_'ucturc. Ileam sizes were sel,cctcdbya preliminary analysis.

The math model used for analysis was composed of 45 members and

31 joints as shown in Figure 5.2. The pivot point (Joint 31) was selected

as the origin of the coordinate system and the Z-3 axes form a plane of

symmetry.

The applied load conditions were the 10,000 pound scaled-up versions

of the Boeing MOLAB and the Bendix MOLAB vehicles plus the platform

structural and component weights and forces.

The computer output gives the deformation at each joint and the

resultant forces and moments for each loading configuration in three

orthogonal planes. In addition, stiffness and flexability matrices of the

structure is included in the results.

The input structural member sizes and weights are tabulated in

Table 5.g. The recommended changes in structural member sizes listed

in the comments are based on the vertical joint deflections listed in Table

5.3. Stresses and deflections in the other planes were negligible. Additional

computer runs should be made to assure that the complete structure is

adequate and attempt substitution of lighter members to minimize the

structural weight. Also, a frequency analysis is needed to determine the

platform's natural frequency at key support points. These tasks should be

the initial steps for the detail design of the suspension platform structure.
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Table 5. 2

MAIN SUPPORT PLATFORM STRUCTURE

Membcr

O o

Connects

Joints

i 3

4 Z

7 I

Z 8

3 9

4 i0

Men, be r Size,

Type, wt/ft

4 in channel 1.85

Length

(in)

35.00

35.00

70.00

70.00

70.00

70.00

Cornrne nts

[ncrcasu to 6 in channel 2.83

't

7 5

8 5

9 6

I0 7

ii I0

12 5

13 6

14 ii

15 iZ

16 II

17 Z9

18 29

19 3O

20 7

Z1 8

22 9

23 I0

24 13

25 13

26 14

27 15

28 16

29 17

30 18

8

ii

12 in I-Beam 10.99

i

6 in channel 2.83

12 in channel 7.41

14.

38.

38.

35.

35.

i0.

O0

O0

O0

O0

O0

98

Decrease to 12 in channel 7.41

[
Increase to 12 in channel 2.83

iZ

29

3O

IZ i
V

10.98

19.87

19.87

20.40

3O

13

14

15

16

19

2O

14

15

16

6 in channel 2.83

iZ in channel 7.41

I
V

12 in I-Beam 10.99

32.00

37.12

37.12

65.00

65.00
6 in cha el 2.83 65.00

I 65.0053.70

12 in I-Beam i0.99 18.15

I 18.15

17

18

19

20

15.00

15.00

Z0.00

20.00
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Table 5. Z(Continued)
MAIN SUPPORT PLATFORM STRUCTURE

Men_ber
_C).

31

3Z

33

34

35

35

37

38

39

4O

41

4Z

43

44

45

Connects

Joints

13 2!

ZZ 14

15 21

16 ZZ

19 Z3

24 20

21 22

23 21

32 24

25 21

2Z 26

23 27

28 24

27 25

26 28

Me1_be r Size,

Type, wt/ft

ig in channel 7.41

IZ in l-B{,an_ 10.99

6 in channel 2.83

_' 35.

4 in channel 1.85 61.

Length

(in)
i

61.73

61.73

59. O0

59.00

59.0O

59.00

90. O0

35.00

O0

O0

61.

61.

61.

35.

35.

O0

O0

O0

O0

O0

Comments

Increase to ig in channel 7.41

Increase to 6 in channel 2.83

I r
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Table 5. 3

VERTICAL DISPLACEMENT OF JOINTS

Joint

No.

1

2

3

4

5

6

7

8

9

I0

Ii

IZ

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Vertical Displacement

Boein,_ MOLAB I Bendix MOLAB

.lOO (.o29)

.102 (.029)

.146 (.043)

.148 (.0,t3)

.917 (.268)

.920 (.269)

1.361 (.398)

1.363 (.398)

Recommendations and Comments

.o37 (.o61)

.037 (.061)

0

0

.077 (.008)

.o78 (.008)

Increase Member 3 to 6 in channel

Increase Member 4 to 6 in channel

Increase Member 5 to 6 in channel

Increase Men,bet 6 to 6 in channel

-.144

-.144

-.135

-.137

-.013

-.014

.088

.088

.223

.224

0

0

.391

.391

.761

.721

1.116

1.084

-.277

-.277

(.039)

(.039)

(.222)

(.211)

(.326)

(.317)

-.012 (-.019)

-.o12 (-.o19)
0

0

.393 (.039)

.393 (.039)

-.089

-.089

-.275

-.275

.088

.O86

.398

.397

.807

.807

0

0

.840

.841

.014

.015

.977

.981

-.215

-.215

(.250)

(.250)

(.290)

(.290)

(.o84)

(.o84)

(.oo4)

(.004)

(.z86)

(.287)

Reduce Members 7, 8 to 12 in channel

Reduce Members 7, 9 to 12 in channel

Increase Member i0 to 12 in channel

Increase Member ii to 12 in channel

m

u

m

m

m

Due to the Redistribution of the

Loads, the Deflections of these
{
Joints should be Reduced to

iAcceptable Limits

n

Increase Member 38 to 12 in channel

Increase Member 39 to 12 in channel

Increase Member 40 to

Increase Member 41 to

Increase Member 42 to

Increase Member 43 to

m

31 -.076 -.060

NOTE :

6 in channel

6 in channel

6 in channel

6 in channel

The deflections in parenthesis are the estimated deflections

after the recommended changes in structural members.
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5.3 WHEEL SUPPORT SYSTEM

In the First Interim Report, Reference i, it was recommended that the

wheel suspension systems should be given further study. The chart in Figure

5. 3 compares three potential wheel support naethods. The curved beam support

has the prime drawback of interference under design roll and pitch conditions.

i'hc axi;_l hub sup[)ort is adequate on all respects, except it will have a large

offset moment. The fraFne support system was selected for a more detailed

study because it minimized the objectionable features of both the other systems.

Figure 5.4 illustrates the proposed wheel frame support configuration.

A tubular frame is attached to the bearing housing and the ends are curved such

that the line of action passes through the wheel's center of gravity. Strain gauges

are mounted as close to the center of the bearing housing as possible. This is

to minimize the error caused by the suspension system's inertia during verti-

cal accelerations. This is discussed in detail in Section 5.3.2. Other features

include a bearing in the mounting flange and universal joints at the cable attach-

ment points, providing the necessary freedom in wheel pitch and roll motions.

5.3.1 Frame Support Analysis

The frame support concept was analyzed for a natural frequency of 40

cps for 4 configurations: Bendix LSSM, Boeing LSSM, Bendix MOLAB, Boeing

MOLAB. The respective wheel weights used were 80, 60, 212, and 160 Ibs.

The equation for natural frequency is from Reference 3. The natural

frequencies of beams in flexure are:

f = C r/L2- x 104 x Km
n n

th
f = n natural frequency, cps
n

C = frequency constant - as listed in table according to
n

support method and mode

5-1Z
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r

L

K
m

= radius of gyration of cross-section = _-A inches

= beam length inches

= material constant (Table 6.10) = 1.00 for steel, (.985

for aluminum)

The support frame is free to rotate about the axle pitch axis. The

type of fixity used is that of a cantilever beam for each end of the support

with n = i, therefore, C = 11.30.
n

The frequency equation was transposed so that radius of gyration,

r = f L2/C- x 104 x K
n n m

Tubular cross-sections were chosen on the basis of the radius of

gyration calculation.

Stresses were checked by the formulae from Reference 4 , which

de fine s

whe re :

Sn(max) - +4M +

Sn(max) = rnaximum normal stress

Z = section modulus (I/c)

M = bending moment

M t = torsional moment

Also, from Reference 4 ;

S
s (max)

= 1/ZZ _M z+Mt z

whe r e

S
s (max)

-- maximum shear stress
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The results of these analyses are plotted as Support Frame Weight vs
_Vheel Diameter for the 4 lunar vehicles (Figure 5.5). The comparison

between steel and aluminum is shown. Aluminum fabrication is more desir-

able for n]inimizing %vcight especially for larger wheel sizes, and for mini-

n]izing error due to _vheel accelerations.

5.3.2 Dynan_ic Error from France Support Mass

The error introduced by vertical wheel acceleration due to the additional

inertia of the suspension sustem must be analyzed:

At nominal state:

F
Cable o

= 5/6 M Ig +Am I g

Im'+ mlI

During Transients

Ideal cable force F = Fo+Zlrnli

Now, applying this to the LSSM vehicle as an example:

w I = 80 ibs

6m I " = 67 + 8 = 75 ibs5/ g = 67 Ibs . T °

Am I g = 8 ibs
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Using the 2 g acceleration (design limit)

or

= + 2(8) = 83 ibsFide al Fo

Fidea I = 1.24F
(peak) o

This means that during the peak of the wheel hub acceleration, the cable should

ideally support 1.Z4 times its nominal load in order to compensate for the sus-

pension system weight.

Therefore, although the suspension system weights only 10 percent

of the wheel weight, it introduces a 24 percent error in cable force (or 1Z0

percent lunar g error). This emphasizes the need to minimize the suspension

system weight. Additional studies must be made to utiIize higher strength-to-

weight materials such as magnesium, fiber glass wound beams and other light

construction mediums.

It should be pointed out that for the LSSM vehicle, a Z g vertical

acceleration is equivalent to a 1 foot obstacle,as shown in Figure 4.1, in

Section 4.Z. By limiting the obstacle height to 1/2 foot, this decreases by

half the error in cable force.

The dynamic error from the frame support mass may be minimized

by mounting the force sensing strain gauges on the tabular frame as near as

possible to the wheel's center. Typical strain gage locations are shown in

Figure 5.4.
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5.4 WINCH AND MOTOR SYSTEMS

Winch and motor systems were designed to provide the constant force

for supporting the LSV chassis and wheel assemblies. A cable winch drive

assembly provides the necessary cable storage for a wide range of LSV

vertical displacement (7 meters or approximately Z1 ft). The winch drum is

driven by a hydraulic motor which provides the torque necessary for a constant

force in the cable. The following paragraphs describe the winch and motor system

design parameters and preliminary system specifications.

In general, the winch and motor systems for the wheel and chassis

suspension devices were designed to minimize the control requirements by

emphasizing low inertia systems. This criterion was particularly significant

because of the transient characteristics of the LSV support points and the

desire to minimize force error at these points. The low inertia criteria

essentially dictated a low-drive ratio between the motor and the winch drum,

because the effective inertia of the motor rotating parts varied as the square

of the drive ratio. Thus, a direct drive or i:i drive ratio was highly desirable.

Preliminary specifications for the chassis and wheel winch systems are

outlined in Table 5.4. The cable nominal force range and the torque range are

based on an LSV gross-weight range of 1,000 - 10,000 lb (450-4500 Kg). Wheel

and chassis weights were proportioned approximately in accordance with the

LSSM and MOLAB vehicles.

5.4.1 Winch Design

The winch designs for the chassis and wheel systems were patterned

after conventional light-weight aircraft winch systems. The configurations

are shown in Figures 5.6 and 5.7. The winch drums are designed to store a

minimum of Z5 ft (7.6Z m) of cable in order to compensate for the LSV vertical

translation. The drum pitch diameter was established at 6.0 in. (15.5 ca) or

Z0 times the maximum cable diameter of the chassis suspension cables (5/16").
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Wheel suspension winch drums were made the same pitch diameter as the

chassis drums. The winch drums in both cases are a split shell design

(Figures 5.6 and 5.7) to aceomodate a wide range of cable diameters required

to suspend the i000 ib (454 Kg) to I0,000 ib (4536 Kg) LSV weight range.
Grooves in the drun_ shell and a cable device maintain the cable at a constant

pitch radius for the full length of cable travel (or drum angular displacement).

5.4.2 Winch Motor Selection

The characteristics desired for the winch drive motors were:

0

0

ability to maintain constant torque, when controlled by

appropriate serve valves, over a wide range of motor

speeds,

operate in stalled condition (zero motor speed) over
prolonged periods of +_ ""_"_e w_,,out damage,

must be fully reversible and still maintain constant

torque,

low inertia of moving parts,

high torque to weight ratio, and

instantaneous response.

The type of motor found to be best suited for this application was the

fixed-displacement piston type commonly used in the aerospace industry.

Typical of this motor type are the Vickers, Inc., motors described in Figures

5.8 and 5.9. The motor characteristics outlined were well within the torque

and speed requirements of the chassis and wheel winch systems.

The hydraulic drive motor for the wheel winch was chosen on the basis

of a i:i drive ratio and the maximum torque corresponding to the heaviest

LSV wheel. The MF-3918-25 motor in Figure 5.9 was selected to accomodate

the maximum nominal torque of 900in.-ib. The corresponding motor weight

of Z2.1 ib was found acceptable, although it was recognized that this may be

worthy of further investigation should motor weight become critical.

;:_Similar motors are available from other vendors.
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Selection of the chassis winch motor was based upon a compromise of

effective inertia of rotating parts and the hydraulic motor weight. The design

torque of ii,000 in.-Ib at the winch drum corresponds to the maximum chassis

weight for a i0,000 ib (4500 Kg) LSV. Two of the MF-3921-30 motors driving
each chassis winch were found to be the best choice. A higher torque winch would

have reduced the motor rotating inertia, but the corresponding motor weight

penalty was disproportionate for consideration.
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Inlet and outlet ports ....... "'_'__.,_(,,,,,7i_"_+.,.4 "._ forces on rotating parts

Figure 5.8

GENERAL DESCRIPTION

Vickers 3000 psi fixed disl)lacement hydraulic

piston-tyi)e ,notors are u_(t in oil hydraulic circuits

to convert hydraulic pressure to rotary mechanical
moti(m. Full torque is instantaneously available.

t'l.otat:ion direction is delermined by oil flow l)ath
through the motor. Speed control and rotation

reversals are very simply and easily accoml)lished.

] tydraulic motors can be used for dynamic braking,
as stalling due to overload will not damage them.

()I)(.'r;ttio,_ can t)(.. Cozlt,iz_uous, intermittent, con-

tinu+,usly reversing <)r sl.alled without damage to

t.]m motor when protected lay proper system over-
load relief valve set.tings.

AuCLLLRAT_ON

With zero ex|ernal load, the acceleration For the

]VIF-:Lg()Gmotor at :I000 psi is 3A x 105 (radians/

sccZ_;aL 45(I0 l)siit is 5.! x 10:'.The MF-3921

a(:(:(,l('r.tti<)n at ;_000 psi is .43 x 10 r' (radians/sec_);
at 4500 psi it is .64 x 10:,. These are theoretical
maximums.

TIME CONSTANT

The lime required t.() accelerate hy(traulic motors

from standstill to maximum intermittent speed with

: 5-25

no external load, using the torque available at 4500

psi, varies between .0028 sec for the 3906 size an(l
.0065 sec for the 3921 size.

MINIMUM REVOLUTIONS TO STOP

Minimum number of revolutions to stop from maxi-

mum continuous speed is between. 116 and. 173 fl)r

all motor sizes. This is the angular distance the hy-

draulic motor will rotate before the back torque

(assumed l)ro(lueed hy 4500 i)si) ovc, rcomes the

kinetic energy of the rol,ating groul). No load on the

output shaft is assume(t.

MOUNTING POSITION

There is IlO restriction ill mounth_g I)osition excel)t
that the drain line must be con,u.,cted to the r+.'ser-

voir so the m<)Lor case remains tille(l with hy(h'aulic

tluid during all ot)er:ttions. Intern+,l mot.<)r lmrls

del)cnd on this fluid for lubrication. Also, at inst:tl-

lation, motor housing must be completely filled with

hydraulic fluid.

HYDRAULIC FLUID

Use mineral oil conf()rming t() ,nililary st)t'('ilica-

Lions for aircraft hy(lrauli(, systems.
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zilttn,tz_ lh_w ,,r hy(Ir:111Iic i_iI under lWC.,-i_tl1'e In

r,_i.L1"v itlCCi_:_I_ic;il 111_di_m.('yliJ_ch,r hh)ck i_,fl'l_.I

rcJ.hli\'c I,) lll_' (li'i',,'L' ,_It:Ll'l 4'nZlSiZZ_ Ilw l)isl4ms t_

lr:Lv_'I'_,, t i.'ir r_'.,-:l)ccl i\i' cylil1_h'r [)(_res. ,.\,q a l)iSltJtl

iz1_._'_ _v.';i\ rr_utz lJn, vaJve l_J.zle ttl1(J(,r l_res,_in'(. ,.

Iii,' ,)l)l),,_il,, boll,mle(l l_iSi_m n1_w's l,_W;il'dthe

\';_l\*' l_J;It_' c×lti_ISl iris4 Sl)clll ILv(11"tulic,ill.'l'henine

l_i._l_uts l)_'l'l',_r_t_file saulc ol)el'al i()11 i11 s11cces._iol_ so

I11;ii lhc ;_('ccl_llillC(. _)J"llyd1":lulicoil Ullder ])l'essuro

isco111ii1_i,,1_s:_llrlihe conversion io rot.arymot.ion
iS ."-;tti_,_(,l Ji.

l i,,_l. I1_111i_11_11_.;,1,;_. I);_sl tile i_i.s_._llS and v:llving

._rl'i_c,.s ,d' It_. cyli_lder hh,ck ilminlnins lubrical.ing
,,il ll,,w tllt',,l_tl tile housitt_. Tills fh)w returns 1o

tl_e rt.s_.rx(4r thm11_h |l_e case dl"ail_ lil"le.

;. '1).%,. *

. i_. ,h __,_. ",,, • ....

.... ,,._!;i_<'- ........ .,..,

.J
.

Ih'tqler hy(lr()slali(' h;tli_nr'e I_etween ('ylillth'r Id,)ck
;lll(I VitIv(' i)Jale I)l'()vi(J('S lleC('ss;iry il(4(l.(h)wn t_,r('e

r()r Ill(. bh)('k. V;llVill_ J(';tkil_(' iS I1('1(1 to .t mildlnUl,_

with()uL I)roduc'ing ex('essive. I)eaz'in_ i)ressure.

Axial cylirMer ;irr;l11_c'111(qll i11hIii11]z(%'.4 ill(,l'[ia fl.,i'ces

op. l'i)l;Itin_ l):iri. '.:,:_lltJ eli11_in.iies l hl, ncc(l r(w large

h(,arin_s, i)(,rznil i i11_ Iligh l'()lat ive Sl)('('ds. Tills f(':,-

t,Llr(}, to_,cJ,}lel ° with" ()tilers briefly SUnllnal"iZetl il]

/his bulletin, results in Vickers pisi,m type hydraulic
motors hlwing the highest efficiency (both v()lu-

metric and overall) in the industry.

Figure 5.9

Series Model
Number

MF-3906-15
MF-3906 20
MF-3906-25
MF-3908-30

Mf-3907-15
MF-3507.20
MF 3901-25
MF 390;'-30

MF-3909-15
M F-3'309-20
MF-3909-25
MF-3_9-30

MF.3911-15

MF-391l 20
MF,3911-25
MF 3911-30

MF-3913-15
ML3913-20
MF-3913-25
Mt-3913-30

MF 3915 15
MF 3915 20
Mr-3915 25

MF-3915-30

M[-3918-15
MF-3.918.20

. MF-3918-25
MF-3918-30

M_.392t-15
M_ 3971 -_'0

Mf 3921 25
_,_[. 3921- 30

MF-3_24.15
MF-3_24-20
MF.3924-25
MF-3924-_)

Theoretical Theoretical

Theoretical Flow Torque
Displacement at at

(cu in./rev) 1500 rpm 3000 psi

(gpm) (in,-Ib)

Theoretical Maximum

Maximum Recommended Speeds at

Intermittent Weight 3000 psi

Power rib)
at 3000 psi

(hp) Continuous Intermittent"

(rpm) (rpm)

0.049 0.318 23.5 4.9

0055 0.422 31.1 6.6
0.080 0.519 38.4 8.1
0.095 0.617 45.4 9.6

0097 0.632 46.4 7.8
0.128 0.835 61.4 10.3
0.159 1.032 75.8 12.8
0.188 1.221 89.7 15.1

0.190 1.234 90.7
0.251 1.G30 119.9

0.310 2.013 148.1
0.367 2.383 175.2

0.3]0 2.013 ]47.8
0409 2 656 195,4
0 501 3.292 241.4
0598 3.883 285.6

0.492 3.195 234.8
0.650 4.221 310.2
0,803 5.214 383.4
0,950 6.169 453.6

2.1 10,0OO 13,300

4,1 8000 10,600

12.2

16.2
4.9 6400 8500

20.0
23.6

16.9
22.3

6.8 MOO 7200
27.7
32.6

T
23.1
305 .
37.7 10,0 47OO 6200

44.6

0786 5.104 375.3 31.6
1.039 6.747 496.0 41.7 ',

1.284 8.338 612.9 51.6
1.519 9.864 725.1 61.0

1.216 7.896 580.6 42.4
1.607 10.435 7_7.2 56.0
1986 12.896 948,0 69.2

2.349 15.253 11220 8|,9 "

1900 12.338 907.7 57.6
2.511 16 305 1198.8 76.1

3103 20 149 1481.3 94.0
3671 23.838 1752.5 111.3

3 040 19.730 1452.2 78.3
4.011 26.020 1918.1 103.5
4964 32.216 2370.1 127.9
5.813 38.116 2804.1 151.3

*For higher speed requirements, consult Vicke(s

16.5 4000 53OO

22.1 3500 4600

32.6 3O0O 4000

44.5 2500 3400

_L
A

-1-
B ----"

A 8

2_, Sq. 4zzX_

41_ Sq. 4 S3,'_4

4_ Sq. SIAl

4% Sq. 51_/_

4V_ Sq. G_/_

6 D_a. 8_

6 D,a. 8_lu
o.,_ .

6'%_, O,a 10_'A_

9V_ O*a.

Applq:ation Engineer. Also, see speed range chart on next page.
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5.5 TROLLEY DRIVE SYSTEM REQUIREMENTS

The power requirements for the platform drive system is derived
fron%the design guideline which requires the vehicle to be able to travel at

a forward speed of 20 kilometers per hour and provide enough reserve power

for a 2 g acceleration. Applying this requirement to the simulator platform;

whe r e

and

F

HP = FV/550

= Trolley platform weight x acceleration

V = forward speed, ft/sec

V = 18.25 ft/sec

The nominal weight of the platform is 2500 ibs, thus,

HP = 2500 (2)(18.25) 166 hp, peak
550 =

The nominal horsepower requirement is power required under a 0.1g

acceleration:

2500(.i)(18.25) = 8.3 hp
H P(nom) = 550

It is noted that there is a 20 to 1 ratio of peak to nominal horsepower.

The drive system torque requirements are based on other considera-

tions of the system. In order to limit the maximum tension in the suspension

cables, a large diameter cable is preferable. However, to keep the bending

stresses in the cable low, a large diameter capstan would be required. This

in turn causes a large inertial force and reduces the capability of the system

to react to sudden changes. Since the largest cable force is

F = i/2 mgt : i/2 (2500/g) Z g = 2500 Ibs,

5-Z7
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(assuming two capstan drives for symmetry) a 5/16 inch diameter cable would

provide an adequate margin of safety after pretensioning. The diameter of the

capstan was taken as 20 times the cable diameter, or 6.25 inches, in order to

minimize cable bending stresses.

This combination gives a required capstan torque,

T = F r = 2500 x 3.125 = 7820 in-lb.
C

Two Vickers fixed displacement motors, Series Model Number

MF-3924-20 (see Figure 5.9 ) provides adequate power and torque for our

application. This motor has the capability of producing 151 hp at a continuous

speed of 2500 rpm, using an input pressure of 3000 psi. By using a speed

reducer or belt drive, the speed required by the capstan (669 rpm) can be

achieved. The drive ratio would be 2.78:1 and the corresponding maximum

input motor speed would be 1860 rpm.
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5.6 HYDRAULIC POWER SUPPLY REQUIREMENTS

Hydraulic motors were chosen to provide power for the chassis

winches, wheel winches and the trolley drive motors. The motors which

seen_ most suitable for this application were a series of Vickers fixed

displacement piston type hydraulic motors designed to operate at 3000 psi.

The chief advantages of these motors are the high acceleration and decelera-

tion rates that are available.

In order to supply the required power, the hydraulic power of each

system was estimated as described below.

Chassis Motors

Three pairs of Vickers MF-39ZI-30 motors were chosen for this

application. The required flow is qc = QRc, where ;7is the number of motors

required, Q is the flow in cubic inches per motor revolution and R is the

motor to winch drive ratio, or qc

winch revolution. The flow rate,

c_ 3
= 6(3.671)(3.14)/1728 = 40.05 x I0

Qc = qc _ = qc Zc
ZrrK

C

where

in feet,

is cable velocity in feet per second and R
C C

or

Q = Z5.5 x I0 -3 7. .
C C

is the winch pitch radius

The steady state values of Zc for the MOLAB vehicle were obtained from

Bendix MOLAB data. (See Figure 4 of Reference 5.)

Wheel Motors

A maximum of six winch motors will be required for the six-wheeled

version of the MOLAB. A single Vickers MF-3918-Z5 motor will be required

for each wheel winch assembly. For each winch the flow is q= 6(1.986)(I)/1728=

6.9 x 10 -3 ft3/winch revolution and
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6"9(10"3) 7w
Q = = 4.4 x i0 -3 7. for i_ = .25 ft.

w ZlrR w w w

For steady-state cases, Zw and Zc have the same value.

Trol].ey Drive. System

The selection of these motors is discussed in the previous section.

Two motors were used to provide for balanced yaw moments. As before,

q = 2(5.873)(2.78)/1728 = 18.9 x l0 "3 ft 3, and

Qd = 18"9(i0"3)Xd 11.6 x 10 -3

where Xd is the vehicle's horizontal velocity component.

Power Supply Requirements

The total required flow rate, QT is the sum of the above systems

= + Qc0 + QdQT Qc

Z5.5(i0 -3) 2 + 4.4(10 -3 ) 7. + 11.6(10 -3 ) i

QT = Z9"9(i0-3) _ + 11"6(10-3) _

From t_is equation, Figure 5.10 was plotted from the data in Figure 4

in Reference 5 , on vertical and horizontal velocities for various terrain

slopes. The maximum flow of 78.7 gal/min occurs at a slope of -3.5 degrees;

that is, when the vehicle is traveling down a slope of 3.5 degrees.
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Since each motor is designed to operate at 3000 psi, the supply pres-

sure must be higher. Therefore, assuming a 3500 psi supply pressure, the

motor horsepower must be

PQ
HP = where

1715

= (3500)(78.7)
1715

Q is flow rate in gal/min

P is in psi

HP = 179

Hydraulic Pump

Comparisons of hydraulic pumps led to the choice of two Vickers

PV3044 inline piston pumps because of their high horsepower to weight ratio,

rapid response and reasonable cost, Although the pump is only rated at

87.8 hp, while 89,5 hp is required, this pump exceeded the 5650 rpm and

3050 psi rated pressure by Z5%, for over half the 750 hour test during a

recent IV[IL-P-1969ZB specification qualification. This would amount to

50.5 gpm pump flow rate which is 133 horsepower.

Finally, two electric motors are needed. Each must deliver approxi-

mately i00 horsepower at approximately 6000 rpm in order to compensate

for system efficiency.

Electric Motor

An aircraft type motor designed by Westinghouse was chosen. This

motor has an output of i00 hp at 8000 rpm and at 400 Hertz. The high fre-

quency allows the motor to be of very light weight (about 165 pounds). An

alternate motor built by TIR.W and is described in Reference 1 may be even

lighter. The Westinghouse motors weigh 330 pounds and will require a

re&uction gear each, giving a total weight of 400 pounds for Z00 hp output, or

i/Z hp per pound of motor. The ironless motors by TI_W will produce about
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2 hp per pound of motor but additional development would be necessary for
these motors.

It must be pointed out that these power requirements were based

on steady state conditions. Accumulators in the supply pressure lines will

provide the transient hydraulic power for the wheel, chassis and trolley

drive system dynan_ic requirements.
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Section 6

Z-D LUNAR GRAVITY SIMULATOR COST ANALYSIS

The costs of a two-dilnensional LGS are presented in Table 6.1, with a

design and fabrication schedule in Figure 6.1. A total cost of $418,500 is

estimated for a 50-week program. A fee of $31,400 (7½ °/0)is estimated for

a total of $449,900. This estin_ate is based on the following assumptions.

i. A minimum cost straight-line system was assumed as a basis

of costing. Other approaches such as an oval track systein l_ay

approach the cost of a 3-D systeln.

Z. A suitable building will be available for the installation of the

rail support structure. A suitable building would give clear

din%ensions of Z50 feet long (probable minimun_) by approxi-

n_ately 64 feet high. The costs of the rails and cross 1_en-_bers

with installation labor is inchlded in this estimate; however,

the costs of luodification of the building to provide the neces-

sary support structure is not included.

3. Labor costs are based on $12 per hour for project, research

and design specialists; $i0 per hour for analysis, engineering

and testing; and $8 per hour for shop labor and drafting time.

4. The overall schedule is dependent on vendor's quoted long lead

time of certain procured itches, notably the chassis and wheel

winches. Any reduction of this time can reduce the overall
schedule as much as 6 weeks.

5. Costs of modification of the LSV are not included in this estimate.

6. Analog and digital computer costs were estirnated at $100 and

$450 per hour, respectively.

Additional design efforts Ir_ayelimmate some of the custom designed

items, resulting in a reduction ,,f cost and schedule time.
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Table 6.1

COST ANALYSIS SUMMARY
TWO-DIMF_NSIONAL LUNAR GRAVITY SIMULATOR.

Ix_iti_LtDc:_[Xn Phase

:5ti'_':_._;A,,;,[ys is

l)t_.s_glla.d Analysis

Drafting

1_tog ra_u me r

Aualog Computer

Digital Computer

3750 Manhours

530 flours

1700 flours

1060 Hours

460 Hours

2Z0 Hours

12 Hours

1 1 Weeks

Detail Design Phase

Stress Analysis

Design and Analysis

Drafting

Pr ogrannrner

Analog Computer

Digital Computer

5790 Manhours

7 50 Hours

2540 }/ours

2220 Hours

280 Hours

280 Hours

12 Hours

13 Weeks

Hardware Fabrication Phase

Fabrication

Ins tallation

Testing and Qualification

Liaison

7260Manhours

2950 Hours

2090 Hours

1630 Hours

590 Hours

26 Weeks

.'v'.aterials Cost

Fee (7½%)

Cost

Total Cost

$ 67.900

$ 89,Z00

$ 68,400

$193,000

$418,500

31,.100

$449.900
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Section 7

CONCLUSIONS AND RECOMMENDATIONS

The results of the tasks performed during this reporting period suggest

the following conclusions and recommendations.

lo

.

.

.

.

.

Precise control of the forces at each suspension point will

require tandem-type compensating networks in the force

control system to provide the necessary damping charac-

teristics in each of the force control loops. This compen-

sating network would consist of operational amplifiers and

exchangeable (plug-in) RC modules to adapt the filter module

to the specific vehicle being tested.

A trolley drive system with a displacement optical-type

sensor is the recommended concept. The alternative cable

angle sensing concept will compromise the system perform-

ance. Ln either case, rate sensing is required.

Static longitudinal errors due to large variations in LSV

pitch and roll angles may be minimized by maintaining a

suspension cable length (_ rail height) greater than 30 ft.

Further studies involving LGS analog simulation should

include a comprehensive investigation of the obstacle simu-

lation for the LSV wheel dynamics. Comparison of various
obstacle simulation methods with actual test data would be

an important part of this study.

Recommended design conditions are those commensurate

with the vehicle engaging a one foot simulated obstacle at

maximum vehicle velocity. The maximum dynamic lunar

gravity errors were _<20% for the LSSM and _<30% for the

MOLAB. Wheel chassis suspension device errors for the

roll condition were approximately equal. For the pitch

case chassis suspension device errors were one-third

less of the wheel system errors.

Peak wheel accelerations were found to vary linearly with

obstacle height. Also, the peak lunar gravity errors were

found to vary almost linearly with obstacle height in most
cases.
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Lunar gravity error for the force control system is quite

sensitive to cable length. Errors of 100% were observed

for the LSSM wheels with a 170 ft cable length. Maximum

errors for the recommended 30 - 50 ft range are 8 to 20%.

LGS rail height should be minimized for reduced lunar

gravity error.

Horizontal acceleration errors due to trolley drive system

dynamics may be reduced considerably with increased cable

length (._ rail height). However, the reconn-ncndcd cable

length of 30 - 53 ft results in a maximum error of only .00Z5

Earth g's or less.

The two-dimensional LGS system described is recommended

for further design efforts and subsequent development.

Generally, the system can be made from currently available

state-of-the-art components.

Cost for design and development of the Z-D LGS, excluding

rail support structure, test terrain, building, etc., is

estimated at $449°900. The corresponding schedule encom-

passes approximately 50 weeks.
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Section 8

FUTURE WORK

Continued study efforts for the remainder of the program are outlined

below. These tasks are in accordance with the program plan shown in

Figure 1.2. It i_ recommended that the corresponding schedule in Figure I.Z

be amended to deliver the final report draft and presentation on October 17,

1966.

Task

Z.0

3.0

4.0

5.0

Continued Study Efforts

Analyze the requirements and prepare conceptual

designs of a three-dimensional LGS system.

Analyze the problems associated with expanding

the 2-D to a 3-D system.

Conduct an analysis of a system for suspending

the driver in a typical LSV configuration. The

LSSIVi vehicle is suggested as a basis for the

design analysis.

Conduct a cost and schedule analysis for the

design, manufacture, assembly and checkout

of a LGS system. This study will consider the

2-D cost analysis as a baseline and add the

necessary data for a 3-D system.

Prepare a final report draft for the LGS study.

It is recommended that this report be published
in four volumes. Volume I will describe the

overall LGS study program and Volumes LI, Ill

and IV will be updated reports describing the

interim study phases.
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